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Objectives  of  the  testing  were  to  obtain  necessary  data  to  determine  a 
valid  mathematical  model  for  a  universal  turret  system  and  to  test  the  per¬ 
formance  of  optimal  turret  controllers  designed  and  built  for  the  UTS  using 
that  model. 

Two  distinct  test  phases  were  conducted:  the  model  determination  and  the 
controller  performance  testing.  First,  the  model  determination  testing  is 
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and  test  execution.  Then,  the  optimal  controller  design  and  performance  test 
is  covered. 

Results  of  both  firing  and  nonfiring  tests  are  reported  and  analyzed.  The 
frequency  response  (Bode)  plots  are  compared  to  derived  theoretical  results. 

The  UTS  optimal  controller  performance  is  compared  to  the  performance  of  the 
UTS  original  controller  and  of  the  prototype  XM97  controllers  tested  in  a 
previous  program  by  the  use  of  statistical  analysis  technique. 
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INTRODUCTION 


This  report  covers  the  testing  performed  on  the  M97  turret  [also  known  as 
the  Universal  Turret  System  (UTS)]  at  the  Ware  Simulation  Center  (WSC),  October 
1980  through  May  1981,  and  the  improvement  in  turret  performance  obtained  by 
implementation  of  an  optimal  controller  for  the  turret.  Each  phase  of  the  test¬ 
ing  program  is  discussed  in  the  report:  preparation  of  the  turret,  test  setup, 
test  plan,  and  actual  testing.  Details  of  the  optimal  control  implementation,  a 
brief  Interpretation  of  the  test  results,  and  conclusions  are  presented. 

Testing  was  conducted  on  the  UTS  to  obtain  data  necessary  to  determine  vali¬ 
dated  mathematical  models  of  the  azimuth  and  elevation  control  systems  of  the 
turret.  These  models  will  be  used  to  design  several  optimal  controllers  for  the 
UTS.  One  optimal  controller  has  been  designed  for  the  UTS  with  the  use  of  pre¬ 
liminary  data.  This  model  was  evaluated  by  nonfiring  tests  conducted  on  the 
turret  at  WSC.  Further  optimal  controllers  will  be  designed  for  the  UTS  once  the 
validated  model  is  determined.  These  controllers  will  also  be  evaluated  with 
test  data  obtained  at  WSC.  The  ultimate  goal  of  the  work  is  to  demonstrate  the 
feasibility  of  •  designing  a  controller  by  use  of  modern  optimal-control-theory 
techniques  to  provide  Improved  turret  performance  over  that  provided  by  existing 
controllers. 


BACKGROUND 


This  work  is  a  continuation  of  the  testing  performed  during  1979  and  1980 
with  an  early  prototype,  the  XM97  turret.  In  that  program,  a  mathematical  model 
of  the  XM97  turret  was  first  experimentally  determined.  With  the  model  known, 
modern-control-theory  techniques  were  used  to  design  several  optimal  controllers 
for  the  XM97  turret.  These  controllers  were  evaluated  by  means  of  firing  and 
nonfiring  tests  on  the  XM97  turret  at  WSC.  The  test  results  showed  that  the 
optimal  controllers  provided  improved  performance  over  that  of  the  existing  con¬ 
ventionally  designed  controller . 

When  the  Improved  performance  was  obtained  on  the  XM97  turret,  a  decision 
was  made  to  attempt  to  extend  the  results  to  a  production  turret.  This  effort 
began  when  a  production  UTS  was  obtained  and  led  to  the  testing  described  in  this 
report.  The  testing  results  provided  the  necessary  information  to  produce  opti¬ 
mally  designed  controllers  for  the  UTS,  which  were  tested  at  the  WSC. 


TURRET  DESCRIPTION 


The  turret  tested  at  WSC  is  a  production  model  M97  (S/N  1000001)  manufac¬ 
tured  by  General  Electric  Company.  In  the  field,  the  UTS  is  mounted  on  the  AH- IS 
aircraft  and  contains  the  M197  20-mu  automatic  gun.  However,  the  UTS  was 
designed  to  be  adaptable  to  a  variety  of  weapons.  Including  the  7.62-wm  and  30-wn 
weapons.  The  UTS  is  activated  in  both  azimuth  and  elevation  channels  by  a  con¬ 
troller  which  employs  position,  rate,  and  motor-current  feedback  to  control  elec- 
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trie  not or a.  In  addition  to  the  turret  Motion  control  circuitry,  the  UTS  con¬ 

tains  hardware  that  handles  the  weapon  fire  control. 


TEST  PROCEDURE 


Preparation  of  Turret 


The  production  model  M97  turret  and  several  of  Its  electronic  units  were 
used  in  the  test.  The  Interface  Control  Unit  (1FCU)  and  several  electrical 
interconnecting  harnesses  used  in  the  fielded  UTS  were  not  available.  The  avail¬ 
able  turret  electronic  units  (gun  control,  logic  control,  and  turret  control 
assemblies)  were  interconnected  in  accordance  with  the  UTS  interconnection  dia¬ 
gram  shown  on  Bell  Helicopter  drawing  number  209-475-049.  However,  because  of 
the  special  needs  of  the  test  and  because  no  1FCU  was  available,  the  procedure 
involved  slight  deviation  from  the  drawing.  All  necessary  interconnecting  cables 
were  designed  and  fabricated  at  WSC.  An  operational  turret  suitable  for  testing 
was  obtained  with  the  use  of  the  available  hardware.  The  UTS  turret  controller 
is  intact  and  operational,  together  with  the  electrical  driving  motors  in  both 
azimuth  and  elevation  channels.  Since  no  sights  or  control  handles  were  used, 
the  IFCU  was  not  needed,  and  the  necessary  modifications  were  made  to  the  wiring 
harness  design. 

Position  commands  are  input  to  the  elevation  and  azimuth  channels  by  means 
of  a  modified  M28  sight  simulator  (SS)  that  was  connected  to  the  UTS.  This  SS 
contains  a  resolver  chain  to  which  the  turret  resolver  chain  x-,  y-,  and  z- 
slgnals  are  input.  In  addition,  signals  equivalent  to  gunner  position  commands, 
including  steps  and  ramps,  are  also  input  to  the  SS  resolver  chain.  With  these 
inputs,  the  SS  resolver  chain  transforms  the  gunner  commands  into  x-,  y-,  and  z- 
signals,  subs tracts  the  turret  x-,  y-,  and  z-slgnals,  and  converts  the  difference 
into  elevation  and  azimuth  error  signals.  These  error  signals  are  then  input  to 
the  UTS  plant  to  drive  the  turret. 

The  SS  also  contains  system  switches  that  normally  would  be  contained  on  the 
pilot *s  or  gunner '8  control  panels,  but  which  are  not  available  on  these  panels. 
Included  are  the  turret  power,  action/standby,  and  the  pilot  override  switches. 
A  block  diagram  of  the  UTS  illustrating  the  main  functional  units  of  the  system, 
including  the  SS,  shown  in  figure  l.  A  more  detailed  drawing  of  the  turret 
control  units  is  shown  in  figure  2. 


Test  Plan 


The  first  phase  of  the  testing  was  conducted  with  the  UTS  mounted  on  a  hard- 
stand.  This  testing  was  conducted  in  accordance  with  the  UTS  test  plan  in  appen¬ 
dix  A.  The  second  phase  involved  nonfiring  and  firing  tests  conducted  with  the 
UTS  mounted  in  a  Cobra  helicopter  on  the  six-degree-of-f reedoa  (6-D0F)  simulator 
at  WSC. 
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Testing  on  the  hardstand  Included  time  and  frequency  response  tests  and 
backlash  measurements.  Response  tests  were  run  with  the  use  of  dc,  step,  ramp, 
and  sinusoidal  input  signals.  Input  and  response  measurements  were  taken  at 
various  places  throughout  the  system  (app  A).  The  backlash  of  the  UTS  was  meas¬ 
ured  in  both  .the  elevation  and  azimuth  channels.  The  coulomb  friction  determina¬ 
tion  and  external  disturbance  tests  included  in  the  test  plan  were  not  run  due  to 
time  and  equipment  limitations.  Other  deviations  from  the  test  plan  were  found 
to  be  necessary  due  to  system  nonlinearity. 

With  the  use  of  preliminary  data  developed  from  the  above  testing,  the  opti¬ 
mal  controller  was  implemented  and  tested,  together  with  the  original  controller, 
in  step  tests  and  firing  tests  conducted  at  WSC. 


Test  Execution 


A  total  of  110  tests  were  run  on  the  UTS  while  it  was  mounted  on  the  hard¬ 
stand  (app  B).  These  tests  include  step,  ramp,  dc,  and  sinusoidal  responses. 
The  final  two  tests  run  were  experimental  determinations  of  the  backlash  in  both 
the  azimuth  and  the  elevation  channels. 

With  some  necessary  deviations,  the  seep,  ramp,  dc,  and  sinusoidal  response 
tests  followed  the  specifications  given  in  the  UTS  test  plan.  The  deviations 
were  necessary  due  to  system  characteristics.  One  such  characteristic  was  non¬ 
linearity.  Analysis  of  sinusoidal  responses  taken  early  in  the  test  indicated 
that  the  output  was  clipped,  showing  saturation  for  some  Inputs.  This  clipping 
resulted  in  reduced  gain. 

When  the  input  was  reduced  in  those  tests  where  saturation  was  found,  the 
output  was  no  longer  clipped,  and  a  higher  gain  was  observed.  Due  to  this 
result,  the  output  signal  was  monitored  on  an  oscilloscope  for  the  remaining 
sinusoidal  response  tests.  When  clipping  was  seen,  the  test  plan  was  deviated 
from  and  the  input  was  reduced  until  a  linear  response  was  found. 

In  addition  to  certain  sinusoidal  responses,  nonlinear  characteristics  were 
found  in  some  step  responses.  The  open-loop  step  responses  of  the  azimuth  and 
elevation  forward  paths  were  markedly  nonlinear.  When  the  input  levels  specified 
in  the  test  plan  were  used,  the  output  signals  were  definitely  clipped.  There¬ 
fore  the  input  level  was  successively  halved,  with  step  responses  taken  each 
time.  Analysis  of  the  output  signals  indicated  that  the  signals  remained  clipped 
for  each  reduced  input  but  that  the  source  of  the  clipping  came  from  progres¬ 
sively  smaller  numbers  of  saturated  operational  amplifier  stages.  When  the  input 
was  reduced  to  a  level  of  about  ±1  mr,  the  output  finally  appeared  linearly  in 
both  elevation  and  azimuth. 

A  second  system  characteristic  requiring  test  plan  deviation  was  the  inabil¬ 
ity  of  the  signals  to  be  input  through  the  system  test  points  as  called  for  in 
parts  of  the  test  plan.  In  tests  2,  5,  6,  30,  32,  35,  36,  and  60,  the  test  plan 
calls  for  the  input  to  be  entered  through  the  test  points  of  the  UTS  turret  con¬ 
trol  assembly  (although,  for  all  other  tests,  the  test  plan  specifies  that  the 
input  be  entered  through  the  sight  simulator).  When  an  input  is  entered  through 
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the  test  points,  only  a  snail  portion  of  the  input  actually  enters  the  system, 
due  to  loading  effects.  The  response  received  is  very  snail  in  amplitude  and  is 
impossible  to  analyze.  Analysis  of  the  circuitry  Indicated  that  considerable 
modification  would  have  to  be  made  to  the  test  instrumentation  to  obtain  the 
proper  response.  Based  on  this  information,  a  decision  was  made  that  the 
expected  data  would  be  insufficient  to  justify  the  effort;  therefore,  the 
affected  tests  were  dropped. 

Other  deviations  from  the  test  plan  were  caused  by  time  and  equipment  con¬ 
siderations.  The  coulomb  friction  testing  was  postponed  to  a  later  date  due  to 
time  restrictions,  and  the  external  disturbance  tests  were  delayed  until  a  reli¬ 
able  gyroscope  could  be  obtained.  Results  from  these  tests  will  be  included  in  a 
later  report. 


Tests  of  Original  and  Optimal  Controllers 


Following  the  completion  of  the  tests  conducted  with  the  UTS  mounted  on  the 
hardstand,  the  turret  was  put  on  the  Cobra  helicopter  which  was  suspended  from 
the  6-DOF  simulator  at  WSC  (fig.  3).  While  mounted  in  the  helicopter,  step  and 
firing  tests  were  run  on  the  turret  with  the  use  of  both  the  original  and  an 
optimal  controller. 

The  optimal  controller  was  designed  by  Professor  N.  K.  Loh,  Oakland  Univer¬ 
sity,  Rochester,  Michigan,  by  the  use  of  preliminary  model  data  from  the  WSC 
testing.  Hardware  implementation  of  the  design  was  accomplished  by  use  of  the 
modular  turret  controller  (MTC),  a  general  control  system  implementation  test  bed 
designed  and  built  at  WSC. 

The  optimal  controller  was  designed  by  the  use  of  modern  control  theory 
techniques.  The  design  minimizes  a  performance  index  and  feeds  back  certain 
conditioned  state  variables  to  the  UTS  power  amplifier  to  provide  fast,  stable 
control  without  overshoot  (ref  1).  Nonfiring  and  firing  tests  were  run  to  meas¬ 
ure  and  compare  the  original  and  optimal  controllers'  performance.  Step 
responses  with  an  amplitude  of  ±5"  were  run  on  both  systems  in  azimuth  and  eleva¬ 
tion.  In  addition,  a  total  of  13  firing  tests  were  conducted  by  the  use  of  a 
variety  of  controller  combinations  in  both  channels.  A  log  of  the  firing  tests 
is  shown  below: 


UTS  -  modular  turret  controller  firing  test  log 
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Azimuth  controller 

Elevation  controller 
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Original 
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95 
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Optimal 
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98 

Optimal 
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DISCUSSION  OF  RESULTS 


This  discussion  encompasses  two  main  topics.  First,  the  determination  of  a 
mathematical  model  of  the  UTS  (based  on  the  test  results)  is  investigated.  Sec¬ 
ond,  the  overall  system  performance  is  briefly  analyzed  as  the  UTS  performance  is 
compared  with  the  XM97  turret  and  with  the  experimental  optimal  controllers  sys¬ 
tems  tested  at  WSC  during  this  and  previous  programs. 


Determination  of  Mathematical  Model 


Due  to  funding  limitations,  the  determination  of  only  a  brief  portion  of  the 
UTS  mathematical  model  was  accomplished.  The  data  from  all  tests  performed  on 
the  UTS  is  available  at  the  WSC.  This  report  compares  experimental  and  theoreti¬ 
cal  results  for  two  circuits  of  varying  complexity.  In  each  case,  the  experimen¬ 
tal  results  compare  closely  to  the  theoretical  results.  This  fact  indicates  that 
for  the  circuits  analyzed,  the  derived  theoretical  model  can  be  validated  as 
accurate.  With  additional  effort,  a  validated  model  for  the  entire  system  can  be 
derived. 

Experimental  results  from  tests  on  the  demodulator  circuits  indicate  close 
agreement  with  theoretical  first-order-lag  network  response.  Azimuth  demodulator 
experimental  results  from  test  UTS-76  show  a  flat  response  out  to  about  7  hertz, 
followed  by  a  rolloff  which  increases  to  about  -20  db/ decade  above  40  hertz. 
This  curve  indicates  that  the  break  frequency,  the  point  where  the  response  curve 
is  down  3  db,  occurs  at  28  hertz.  For  comparison,  a  theoretical  first-order  lag 
response  with  a  break  frequency  at  28  hertz  is  also  shown  in  figure  4.  Examina¬ 
tion  of  the  azimuth  demodulator  circuitry  Indicates  that  it  is  a  fitat-order  lag 
with  a  break  frequency  of  1/RC  ■  1/(6. 04  X  10^  ohms)  X  (10”'  farads)  » 
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166  radians  ■  26.4  hertz,  and  has  a  gain  of  5.6  db.  Thus,  the  experimental  and 
theoretical  results  are  in  close  agreement. 

Agreement  between  experimental  results  and  theoretical  prediction  is  also 
found  for  the  elevation  demodulator  circuit.  Analysis  of  the  circuitry  indi¬ 
cates  that  the  elevation  demodulator  should  demonstrate  a  first-order  lag 
response  with  a  break  frequency  -  1/RC  ■  1/(4. 02  X  lCr  ohm)  X  (10”'  farads)  - 

248.8  radians  *  39.6  hertz.  Experimental  results  from  test  UTS-71  (fig.  5)  show 

a  first-order  lag  magnitude  response  with  a  break  frequency  at  43  hertz. 

Phase  response  for  the  azimuth  demodulator  circuit  found  in  test  UTS-76 
(fig.  6)  also  indicates  agreement  with  the  theoretical  predictions.  In  a  first- 
order  lag  phase  response  the  break  frequency  occurs  where  the  phase  angle  is 
-45°.  The  experimental  phase  response  shows  the  same  break  frequency  of  28  hertz 
that  the  magnitude  response  exhibits. 

A  more  detailed  analysis  was  made  on  the  notch  filters  used  in  the  UTS 
because  of  their  complexity.  The  theoretical  transfer  function  of  the  notch 
filter  was  derived  from  analysis  of  the  system  circuit  diagrams.  This  derivation 
is  shown  in  appendix  C.  Once  derived,  a  computer  program  was  used  to  obtain  the 
gain  and  phase  responses  of  the  theoretical  transfer  function  of  the  azimuth 

notch  filter.  These  results  are  plotted,  along  with  the  experimental  results 

from  test  UTS-15,  in  figures  7  and  8,  and  the  experimental  and  theoretical 
results  for  the  azimuth  notch  filter  compare  closely.  Similar  results  can  be 
obtained  for  the  elevation  notch  filter. 

The  validity  of  the  transfer  functions  of  the  demodulator  and  the  notch 
filter  can  be  checked  by  examination  of  the  open-loop  test  of  the  forward  path  up 
to  the  notch  filter  output.  This  test  was  UTS-19  for  the  azimuth  channel.  If 
the  individual  transfer  functions  are  valid  and  if  no  interaction  exists,  the 
results  for  test  UTS-19  (fig.  9)  should  be  equal  to  the  product  of  the  transfer 
functions  of  the  demodulator  (test  UTS-76)  and  the  notch  filter  (test  UTS-15). 
On  the  logarithmetlc  decibel  scale,  this  product  is  equal  to  the  sum  of  these  two 
transfer  functions.  A  study  of  this  figure  indicates  that  this  product  is  nearly 
equal  to  the  sum  of  the  curves  of  the  demodulator  in  test  UTS-76  (fig.  4)  and  the 
notch  filter  in  test  UTS-15  (fig.  7).  The  sum  of  those  two  curves  is  also  shown 
in  figure  9.  This  result  validates  the  demodulator  and  notch  filter  transfer 
functions. 

Results  from  other  tests  listed  in  the  test  log  can  be  used  to  determine  the 
rest  of  the  UTS  mathematical  model.  This  same  technique  of  determining  individ¬ 
ual  blocks  of  the  model  with  appropriate  test  results  and  then  validating  the 
transfer  function  with  test  results  of  several  blocks  in  series  can  be  applied 
throughout  the  UTS  model. 


System  Performance  Analysis 


In  a  previous  progam  conducted  at  USC,  many  of  the  mathematical  model  deter¬ 
mination  tests  run  on  the  UTS  in  this  program  were  performed  on  the  XM97  turret. 
In  both  programs  (XM97  turret  and  UTS)  following  the  model  determination  tests. 
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new  controllers  were  designed  for  the  turrets  by  the  use  of  opcimal  control 
theory.  Each  optimal  controller  was  then  implemented  on  the  turret  and  tested. 

In  both  programs,  except  for  the  control  system  electronics,  none  of  the 
original  turret  hardware  was  changed  for  implementation  of  the  optimal  control¬ 
ler;  that  is,  the  same  motors,  gear  boxes,  power  amplifiers,  and  resolvers  were 
used  for  both  controllers.  In  the  XM97  program,  step  and  firing  tests  were  con¬ 
ducted  by  the  use  of  the  XM97  turret  with  first  its  original  controller  and  then 
the  optimal  controllers.  Details  and  results  of  the  previous  progam  will  be 
included  in  a  forthcoming  report  (ref  2) . 

Some  of  the  results  of  that  XM97  program  are  compared  to  the  results  of  the 
UTS  program  in  this  section.  First,  a  comparison  is  made  of  the  step  responses 
of  the  original  XM97,  original  UTS,  optimal  XM97,  and  optimal  UTS  controllers. 

Also,  the  backlash  of  the  XM97  and  UTS  turrets  is  compared.  In  addition,  the 

linearity  of  the  two  original  and  the  two  optimal  controllers  are  analyzed. 

Finally,  the  firing  test  data  for  each  control  system  is  discussed. 

Comparison  of  the  step  responses  indicates  that  the  UTS  optimal  controller 
provides  the  best  performance.  The  measure  chosen  to  judge  the  performance  is 
the  time  required  for  the  controller  to  return  to  original  position  (settling 
time),  since  this  value  represents  the  time  required  for  a  control  system  to 
return  the  weapon  to  the  original  point-of-aim  once  it  was  disturbed.  The  step 
responses  of  the  four  controllers  are  shown  in  figure  10.  A  comparison  of  the 
systems  is  shown  in  figure  11.  For  both  the  XM97  and  the  UTS  the  optimal  con¬ 
troller  settles  to  the  Initial  value  faster  than  its  counterpart  original  con¬ 

troller.  The  UTS  optimal  controller  has  a  slightly  faster  settling  time  than  the 
XM97  optimal  controller.  The  5%  settling  times  for  the  four  controllers  are 
approximately: 


Controller 


5%  settling  time  (sec) 


XM97  -  original  0.68 
UTS  -  original  0.35 
XM97  -  optimal  0.26 
UTS  -  optimal  0.21 


A  closer  examination  of  the  curves  in  figures  10  and  11  reveals  how  the 
controllers  operate  and  how  Improved  performance  is  obtained.  The  original  XM97 
controller  has  a  long  settling  time  because  its  initial  reaction  to  disturbance 
is  slow  and  because  it  overshootB  the  original  position  three  times  before  set¬ 
tling.  The  original  UTS  controller  obtains  a  shorter  settling  time  than  the 
original  XM97  controller  by  reacting  faster  and  by  reducing  the  number  of  over¬ 
shoots  to  one.  Both  optimal  controllers  obtain  faster  settling  times  than  the 
original  controllers  by  eliminating  the  overshoots.  This  lack  of  overshoot  is  a 
feature  of  the  optimal  design  and  allows  faster,  more  accurate  controllers  to  be 
designed. 

The  UTS  exhibited  smaller  gear  backlash  than  the  XM97  turret  in  both  azimuth 
and  elevation.  The  UTS  gear  backlash  was  measured  in  tests  UTS-109  and  UTS-110 
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in  accordance  with  Che  UTS  test  plan,  whereas  the  XM97  gear  backlash  was  Measured 


In  Che  same  way  during  a  previous  program, 
ing  are: 


System 

Channel 

XM97 

Elevation 

XM97 

Azimuth 

UTS 

Elevation 

UTS 

Azimuth 

Backlash  values  obtained  in  the  test- 


Backlash  (ar) 

3.00 

1.40 

1.25 

0.84 


The  UTS  controller  performs  markedly  different  than  the  XM97  controller 
(fig.  10).  The  UTS  reacts  more  quickly  to  a  disturbance  and  shows  much  less 
overshoot.  Part  of  the  reason  for  this  improved  performance  is  due  to  its 
reduced  backlash,  and  part  is  due  to  certain  UTS  step  and  sinusoidal  responses. 
Open-loop  step  and  sinusoidal  responses  of  the  UTS  forward  loop  show  high  gain 
and  nonlinearity. 

Similar  tests  on  the  XM97  controller  in  a  previous  program  showed  less  gain 
and  nonlinearity.  In  tests  UTS-79  through  UTS-84,  saturation  was  noted  in  the 
output  for  input  levels  ranging  from  ±17  mr  to  ±2  mr.  Saturation  was  also  noted 
in  the  forward-loop  sinusoidal  response  test  UTS-18.  In  this  test,  signals  were 
measured  at  several  locations  throughout  the  system.  4s  the  input  level  was 
reduced,  the  output  at  the  end  of  the  forward  loop  remained  saturated,  but  pro¬ 
gressively  more  stages  became  unsaturated.  Finally,  the  entire  forward  path 
became  unsaturated  when  the  input  level  was  reduced  to  ±20  millivolts.  In  the 
sinusoidal  responses,  saturation  has  the  effect  of  reducing  the  gain. 

With  the  nonsaturating  input  levels  in  UTS-25,  a  gain  of  60  db  was  observed. 
These  performances  indicate  that  the  UTS  has  a  high  forward-loop  gain  for  small 
input,  but  this  gain  is  limited  for  larger  inputs  due  to  saturation.  Therefore, 
the  UTS  can  react  quickly  to  disturbances  but  with  less  overshoot  than  the  XM97. 


Firing  Tests 


Each  firing  test  considered  in  this  report  consisted  of  bursts  (each  burst 
having  at  least  20  rounds)  from  the  20-mm  M197  gun  in  conjunction  with  the  XM97 
or  UTS  turret  mounted  in  the  Cobra  helicopter  which  was  suspended  from  the  6-DOF 
simulator  at  WSC.  The  MI97  used  in  all  firing  tests  is  a  three  barrel  20-mm  gun 
which  fires  in  a  Gatllng-gun  style.  When  fired  from  a  hards t and,  the  M197  pro¬ 
duces  a  firing  pattern  wherein  every  round  from  a  given  barrel  tends  to  be  in 
general  proximity  to  other  rounds  from  the  same  barrel  (fig.  12).  The  rounds 
were  color  coded  so  that  each  target  hole  could  be  identified  with  a  round  num¬ 
ber.  Since  the  M197  is  a  three-barrel  gun,  every  third  round  comes  from  the  same 
barrel  (that  is,  in  a  20-round  burst,  rounds  1,  4,  7,  10,  13,  16,  and  19  are  from 
one  barrel,  rounds  2,  5,  8,  11,  14,  17,  and  20  are  from  the  second  barrel  and 
rounds  3,  6,  9,  12,  15,  and  18  are  from  the  third  barrel). 
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Targets  from  the  XM97  and  UTS  firing  testa  also  show  that  rounds  fired  from 
the  same  barrel  are  in  general  proximity  to  each  other.  In  fact,  some  target 
patterns  approached  those  shown  in  the  hardstand  tests,  thus  Indicating  a  very 
good  controller.  The  degree  that  a  test  firing  pattern  resembles  that  of  a  hard¬ 
stand  firing  pattern  is  a  good  indicator  of  controller  performance;  therefore, 
the  standard  deviation  or  dispersion  of  shots  from  each  particular  barrel  was 
chosen  as  a  performance  measure  of  the  original  and  optimal  controllers. 

The  impact  point  of  the  first  round  of  each  barrel  in  a  burst  (that  is,  the 
first  three  rounds  of  a  burst)  was  eliminated  from  this  analysis  due  to  the  mech¬ 
anisms  of  the  helicopter  and  the  finite  response  time  of  the  controllers.  When 
the  M197  gun  fires,  the  recoil  force  causes  the  helicopter  to  pitch  quickly  down¬ 
ward  as  shown  in  figure  13.  This  pitching  motion  is  so  quick  that  the  control 
system  cannot  react  fast  enough  to  effectively  control  the  first  three  rounds  of 
a  burst.  This  behavior  is  very  similar  for  all  controllers  tested.  After  the 
first  three  rounds,  however,  the  controller  can  affect  the  weapon  line  and  can 
keep  the  round  impact  points  in  fairly  close  proximity.  Since  any  controller 
cannot  affect  the  Impact  points  of  the  first  three  rounds,  these  rounds  are  not 
included  in  the  controller  performance  analysis. 

The  standard  deviations  of  the  round  impact  points  for  the  XM97  and  UTS 
tests  (calculated  from  the  round  impact  points  on  the  target)  are  shown  in  appen¬ 
dix  D.  Units  of  the  numbers  were  recorded  in  Inches;  however,  since  the  range  at 
WSC  is  1000  inches  long,  the  numbers  also  represent  mllllradians  of  dispersion. 
The  tests  were  conducted  with  the  optimal  or  original  system  controlling  the 
weapon  in  azimuth  and  elevation  as  indicated.  Mean  and  standard  deviations  of 
the  standard  deviations  of  the  round  Impact  points  for  bursts  obtained  with  the 
original  and  optimal  controllers  are  also  shown  in  appendix  D.  The  most  impor¬ 
tant  numbers  for  analysis  of  controller  performance  are  the  means  of  the  standard 
deviations  for  each  barrel.  They  are: 


Standard  deviation — means  (mr) 

Barrel  1 

Barrel  2  Barrel  3 

Controller 

AZ 

EL 

AZ 

EL 

AZ 

EL 

XM97  original 

1.25 

3.90 

1.42 

2.73 

1.32 

2.36 

XM97  optimal 

1.10 

1.98 

1.40 

2.16 

1.35 

1.64 

UTS  original 

1.03 

1.62 

1.34 

1.39 

0.77 

1.65 

UTS  optimal 

0.97 

1.53 

0.67 

1.43 

0.64 

1.75 

Generally  the  optimal  controllers  provide  smaller  dispersion  than  the  original 
controllers.  Also,  the  UTS  with  an  optimal  or  original  controller  has  smaller 
dispersion  than  the  prototype  XM97  turret  system. 

Another  method  of  evaluating  the  performance  of  the  original  and  optimal  UTS 
controllers  is  by  comparison  of  the  overall  dispersion  of  their  firing  patterns. 
The  particular  dispersion  measure  that  is  used  in  this  report  is  a  determination 


of  Che  80%  dispersion  circle  (that  is,  the  smallest  dimeter  circle  thee  can  be 
drawn  on  Che  target  that  contains  SOX  of  the  rounds  fired).  The  radius  of  that 
circle  la  considered  the  80Z  dispersion  and  the  distance,  between  the  center  of 
the  circle  and  the  point-of-aim  (POA),  is  considered  the  80%  mean  of  the  burst  or 
its  bias  error.  This  overall  dispersion  criteria  corresponds  to  a  requirement  in 
the  Bell  Helicopter  Development  Specification  209-947-281,  which  states  that  the 
UTS  shall  be  capable  of  firing  a  100-round  burst  so  that  80Z  of  the  rounds  fall 
within  a  circle  of  diameter  not  greater  than  12  milliradians. 

Overall  80X  dispersion  and  biai  were  determined  for  the  UTS  firing  tests. 
In  addition,  they  were  also  found  for  the  weapon  hardstand  tests  that  were  run  to 
find  baseline  data  for  the  dispersion  of  the  M197  gun.  In  this  case,  the  M197 
gun  was  bolted  to  a  rigid  mount  and  test  fired.  Both  20-  and  25-round  bursts 
were  shot.  The  dispersion  and  bias  data  for  all  tests  were  found  manually  by  use 
of  a  template. 

Test  results  are  shown  in  table  1.  Overall  80Z  mean  and  dispersion  data  is 
shown,  as  well  as  an  Indication  of  which  controller  was  running  the  azimuth  and 
elevation  channels  during  each  UTS  test.  Mean  and  dispersion  data  are  in  Inches 
of  dispersion  at  the  target — which,-  for  the  1000-inch  range  at  WSC,  is  equivalent 
to  milliradians. 

The  results  shown  in  table  1  indicate  that  the  optimal  controller  provides  a 
dispersion  that  is  smaller  than  that  of  the  original  controller  and  approaches 
the  dispersion  from  a  rigidly  mounted  M197  gun.  Focusing  on  those  tests  where 
the  same  controller  is  handling  both  channels  (tests  85  through  87  for  the  origi¬ 
nal  and  tests  94  through  98  for  the  optimal)  and  the  hardstand  tests,  the  follow¬ 
ing  average  dispersions  were  found: 


Test  condition 

Turret  in  helicopter  with  original  controller 
Turret  in  helicopter  with  optimal  controller 
Ml 97  gun  on  hardstand 


Average  80%  dispersion 
3.27  nr 
2.74  mr 
2.31  mr 


Controller  performance  cannot  be  evaluated  by  the  use  of  overall  dispersion 
data  on  those  tests  where  a  different  controller  is  used  in  azimuth  and  eleva¬ 
tion.  For  those  tests,  the  dispersion  in  each  direction  must  be  taken  into 
account.  For  this  report,  it  was  decided  to  do  the  most  analysis  on  individual 
barrel  dispersion  data,  evaluating  dispersion  separately  in  azimuth  and  elevation 
for  all  tests.  The  individual  barrel  dispersion  is  considered  to  be  the  best 
method  of  analyzing  the  controller  performance  with  a  multibarrel  weapon  since  it 
reduces  the  influence  of  the  weapon  effect. 

Details  of  a  statistical  analysis  performed  on  the  individual  barrel  disper¬ 
sion  data  are  given  in  appendix  D.  Basically,  the  analysis  shows  that  the  opti¬ 
mal  UTS  system  provided  statistically  significant  improved  performance  over  the 
original  system  in  azimuth.  In  elevation,  however,  there  is  no  significant  dif- 
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ference  between  the  original  and  optimal  controller's  performance.  The  reverse 
condition  was  found  for  the  XM97,  where  the  optimal  controller  was  significantly 
better  than  the  original  controller  in  elevation,  but  no  significant  difference 
existed  in  azimuth. 


One  difference  between  the  XM97  and  UTS  firing  tests  is  that  position  gyro 

feedback  was  used  in  elevation  for  the  XM97  test.  This  position  gyro  feedback 

provided  a  correction  for  the  pitch  rotation  caused  by  the  weapon  recoil  force. 

Gyro  feedback  was  not  used  in  azimuth  in  the  XM97  test  and  was  not  used  in  either 
channel  in  the  UTS  test  due  to  failure  of  the  gyro  package.  The  change  in 
weapon-pointing  angle  caused  by  the  recoil  force  is  much  larger  in  elevation  than 
in  azimuth;  and,  without  elevation  gyro  feedback,  the  controller's  performance  is 
degraded  due  to  the  larger  error  input.  In  fact,  the  larger  error  input  may  mask 
any  improvement  that  would  be  possible  with  the  UTS  optimal  controller.  In  azi¬ 
muth,  with  much  smaller  recoil  force,  the  UTS  optimal  controller  performed  much 
better  than  the  UTS  original  controller. 

The  optimal  UTS  controller  was  designed  very  quickly  (in  less  than  a  week) 
without  knowledge  of  an  accurate  mathematical  model.  Improved  performance  could 
be  obtained  from  an  optimal  controller  designed  more  thoroughly  and  with  the 
knowledge  of  an  accurate  mathematical  model.  It  is  quite  possible  that  the  model 
used  to  design  the  UTS  optimal  controller  was  in  more  error  in  elevation  than 
azimuth  and  that  this  prevented  the  UTS  optimal  controller  from  being  signifi¬ 
cantly  better  than  the  original  in  elevation  as  it  was  in  azimuth. 


CONCLUSIONS 


Two  main  conclusions  are  drawn: 

1 .  The  performance  of  the  original  UTS  controller  is  superior  to  that  of 
the  original  XM97  controller. 

2.  Improved  UTS  performance  is  obtained  by  implementation  of  an  optimal 
controller. 

Also,  the  following  conclusions  are  drawn: 

The  original  controller  and  turret  of  the  UTS  perform  better  than  the 
XM97  system  did  in  similar  tests.  In  the  original  controller,  the  demodulator 
produces  a  much  cleaner  signal  than  the  XM97.  The  UTS  has  a  higher  forward  loop 
than  the  XM97,  Indicating  that  it  can  move  much  faster.  This  fact  is  shown  in 
the  UTS  step  responses.  Improved  controller  performance  is  also  demonstrated  in 
the  firing  tests. 


In  the  turret,  the  UTS  has  much  smaller  gear  backlash  than  the  XM97. 
Since  the  optimal  XM97  turret  step  response  is  better  than  the  original  UTS  step 
response,  an  optimal  controller  can  overcome  some  penalty  of  gear  backlash.  If 
optimal  control  design  techniques  are  applied  to  future  turret  controllers, 
severe  and  costly  limitations  on  backlash  for  the  gear  train  can  be  relaxed  by 
implementation  of  proper  control  algorithms. 


II 


An  improved  UTS  turret  response  was  achieved  by  design  of  an  optimal 
controller  for  the  system.  In  the  field,  the  optimal  controller  could  be  imple¬ 
mented  by  simple  modification  of  a  few  electronic  components  in  the  turret  con¬ 
trol  box.  It  is  reason#** le  to  assume  that  these  electronic  components  could 
easily  fit  within  the  area  of  components  that  Implement  the  existing  control 
algorithms.  No  hardware  changes  would  be  required  to  Implement  the  optimal  con¬ 
troller. 


All  data  taken  during  the  tests  mentioned  in  this  report  is  available  at 
WSC  for  future  use.  Further  information  could  be  obtained  by  performance  of 
those  tests  which  were  listed  in  the  test  plan  but  which  were  not  run  due  to  time 
and  funding  limitations.  Once  all  the  data  was  obtained,  the  entire  UTS  model 
could  then  be  validated  by  applying  the  procedures  used  in  this  report. 
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Table  1 


Hardstand  firing  teats  for  UTS  and  M197  automatic  gun — 80X 
and  dispersions 


:ans 


Test  no. 

AZ  system 

EL  system 

80 l  mean  (mr) 

80S  dispersion  (mr) 

79 

Original 

Optimal 

5.7 

3.7 

80 

Original 

Optimal 

5.5 

2.5 

81 

Optimal 

Original 

4.3 

2.4 

82 

Optimal 

Original 

7.8 

2.5 

84 

Optimal 

Original 

6.2 

3.2 

85 

Original 

Original 

5.3 

3.0 

86 

Original 

Original 

11.0 

3.4 

87 

Original 

Original 

7.6 

3.4 

94 

Optimal 

Optimal 

6.7 

2.6 

95 

Optimal 

Optimal 

7.1 

2.6 

96 

Optimal 

Optimal 

6.7 

2.8 

97 

Optimal 

Optimal 

6.2 

2.7 

98 

Optimal 

Optimal 

6.0 

3.0 

1* 

4.1 

2.3 

2* 

4.3 

2.4 

3* 

5.0 

2.0 

4* 

5.1 

2.4 

5* 

4.4 

2.7 

6* 

4.2 

2.1 

7* 

5.5 

2.3 

*  M197  gun  aountad  on  hardstand 
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Figure  8.  Phase  transfer  functions  for  asiauth  notch  filter 


0*01  X  OkMU  0*01  X  owuu 


II 


TIRE  IN  SECONDS  X  10*2 
OETtOOULRTEO  RZlfUTH  ERROR  -  FILTER  -  100HZ 
TEST  Oil.  040019  ORIGINAL  XT-97  CONTROLLER 


TRK  OIR  0ER00ULATE0  AZWUTH  ERROR  -  Fill  ■>  100M7 
U.T.S.  TEST  003.  ISSEF80  UTS  ORIGINAL  CONTROLLER 


TinE  IN  SECONOS  X  10*2 
TRK  OIR  FILTERED  DEnoULRTEO  BZlnUTM  ERROR 
TEST  070.  110EC73  OPTIIIRL  XT-31  CONTROLLER 


RZ  OEPOO  ERROR  -  UTS 

TEST  097.  nlCA/TS.  22flRT81  UTS  OTTinRL  CONTROLLER 


Figure  10 .  Step  reeponeee  for  UTS  origin*!  and  optima!  controller* 
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APPENDIX  A 


UNIVERSAL  TURRET  SYSTEM  (UTS)  TEST  PLAN 


t .  Introduction 

The  purpose  of  this  test  Is  to  establish  the  values  of  the  system  p*  ■ 
that  will  be  used  in  future  design  work  In  the  UTS  Prograa.  The  majority  of  the 
testing  will  be  perforaed  with  the  UTS  aounted  on  a  hard  stand.  There  step,  DC, 
and  sinusoidal  UTS  responses  will  be  aeasured  that  will  be  used  to  deteralne  systea 
transfer  functions  and  paraaeters.  The  UTS  backlash  and  couloab  friction  will 
also  be  aeasured.  The  UTS  will  also  be  aounted  on  the  helicopter  and  subjected 
to  external  disturbances  froa  the  6 -DOF  slaulator  to  deteralne  the  systea 
sensitivities  to  this  Input. 

2 .  Test  Procedure 

2.1  DC,  Step,  and  Sinusoidal  Response  Tests. 

2.1.1  UTS  step,  DC,  and  sinusoidal  responsas  are  to  be  taken  at  the  Ware 
Slaulatlon  Center.  Both  open  loop  and  closed  loop  tests  will  be  made.  The  test 
signals  will  be  input  and  the  output  response  aeasured  at  various  systea  points. 

The  frequency  response  tests  will  be  made  using  the  BAFCO  servo-analyzer. 

2.1.2  The  details  of  the  DC,  step,  and  sinusoidal  response  tests  are  given 

In  Figure  1.  This  figure  states  the  Input  points,  drive  signals,  and  test  aeasureaents 
for  each  of  the  tests.  For  each  open  loop  test,  the  figure  lists  what  part  of  the 
UTS  Is  to  be  disconnected.  The  figure  Identifies  what  inforaatlon  for  each  test 
is  to  taken  on  the  analog  recorder  and  on  channels  1  and  2  of  the  BAFCO  servo- 
analyzer.  The  Input  and  tests  points  mentioned  In  table  A-lare  Identified  and 
located  In  table  A-2.  All  of  the  points  are  available  either  at  the  sight 
simulator  or  the  turret  control  assembly. 
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2.1.3  The  teets  listed  In  table  A- 1  were  devised  with  the  aasumptlon  that 

all  disconnections  and  test  measurements  listed  can  be  accomplished  without  damaging 
UTS  components.  Each  test  will  be  attempted  as  It  Is  stated  In  this  test  plan. 

If  a  test  cannot  be  done  due  to  an  Inability  to  measure  a  test  point  or  to  run  the 
UTS  in  a  certain  configuration,  the  test  will  be  accomplished  while  adhering  as 
closely  as  possible  to  the  test  plan. 

2.1.4  There  Is  a  possibility  that  time  and  money  constraints  will  limit 
the  amount  of  the  testing  in  this  plan  that  may  be  conducted.  If  this  happens, 
priority  will  be  given  to  conducting  the  elevation  tests  and  those  azimuth  tests 
whose  results  are  considered  essential  in  determining  a  good  model.  The  azimuth 
tests  which  are  considered  essential  are  marked  with  an  asterisk  in  table  A-l. 

2.2  Backlash  Measurement. 

A  backlash  measurement  of  the  UTS  is  to  be  taken  while  the  UTS  Is  mounted 
on  the  hardstand  .  The  backlash  will  be  measured  by  finding  how  far  the  weapon 
can  be  turned  before  engaging  gear  teeth  In  both  elevation  and  azimuth  by  pulling 
manually  on  the  end  of  the  weapon  with  no  turret  power  applied.  The  amount  of 
this  turning  is  equal  to  the  backlash  and  will  be  measured  using  a  dial  Indicator. 
The  backlash  measurement  will  be  taken  at  least  eight  times  In  each  axis.  A  mean 
and  standard  deviation  will  be  calculated  from  the  data  to  determine  a  statistical 
value  for  the  backlash  In  elevacion  and  azimuth. 

2.3  Coulomb  Friction  Measurement. 

2.3.1  General 

The  coulomb  friction  of  the  UTS  will  be  measured  with  the  turret  mounced  in 
the  hardstand  .  The  test  will  consist  of  a  breakaway  test  and  a  motor  current 
versus  weapon  velocity  determination. 

The  weapon  velocity  will  be  measured  with  the  UTS  tachometer.  The  motor 
constants,  R,  L,  Ky,  and  K^,,  and  the  viscous  friction,  B,  which  are  needed  along 
with  the  test  data  to  calculate  the  coulomb  friction, will  be  taken  from  the  UTS 
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mathematical  model. 


Each  test  will  be  performed  separately  in  the  elevation  and  azimuth  axes. 

2.3.2  Breakaway  Test. 

A  force  will  be  applied  to  the  weapon  barrels  and  measured  with  a  dyno meter. 

The  force  will  be  increased  until  the  barrels  begin  to  move.  This  force  will 
equal  the  static  friction.  The  test  will  be  repeated  at  least  eight  times  in  each 
axis  to  obtain  a  good  statistical  basis  for  determining  the  static  friction. 

2.3.3  Weapon  Velocity  Versus  Motor  Current  Determination. 

Ramp  inputs  of  various  levels  will  be  input  to  the  sight  simulator  to  create 
different  levels  of  weapon  velocity.  The  test  will  be  conducted  in  both  elevation 
and  azimuth.  The  input  level  will  be  made  sufficiently  large  to  reduce  the  effects 
of  backlash  and  determine  the  nonlinear  functional  characteristics  of  the  coulomb 
friction. 

The  weapon  velocity  and  motor  current  will  be  measured  for  each  input  level. 

The  weapon  velocity  will  be  measured  using  the  UTS  tachometer. 

The  coulomb  friction  will  be  calculated  using  che  test  data  and  the  values 
given  for  motor  constants  given  in  the  UTS  mathematical  model.  The  value  of 
backlash  determined  in  the  test  described  in  paragraph  2.3.2  will  also  be  used. 

2.4  External  Disturbance  Tests. 

2.4.1  The  UTS  will  be  mounted  on  the  helicopter  on  the  6-Degree-Of-Freedom 
(6-DOF)  Simulator.  The  simulator  will  be  used  to  impart  external  motion  to  the 
turret.  The  external  motion  will  be  applied  in  both  pitch  and  yaw  axes  if  a 
working  position  gyro  can  be  made  operational  in  each  axis  within  the  testing 
timeframe. 

2.4.2  External  motion  in  pitch,  and,  if  possible,  yaw,  will  be  applied  at  the 
maximum  practical  amplitude  at  0.3,  1.0,  and  2.0  hertz.  The  following  measurements 


will  be  taken  with  external  motion  applied  and  turret  power  operational. 

a.  Hull  position 

b.  Hull  rate 

c.  Error  signal 

d.  Tachometer  signal  (weapon  velocity) 

e.  Saddle  acceleration 

£.  Barrel  velocity 

g.  Barrell  acceleration 

2.4.3  Vertical  motion  at  frequencies  of  6.0,  8.5,  and  10  hertz  will  be 
applied  to  the  UTS  turret  through  the  6-DOF  actuators.  The  amplitude  will  be  the 
maximum  practical  to  use  at  the  given  frequency.  The  Same  measurements  listed  in 
paragraph  2.4.2  will  be  taken  for  this  test  although  the  chief  interest  will  be 
in  the  barrel  and  saddle  acceleration  and  barrel  velocity  to  determine  barrel 
motion  at  these  frequencies. 
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Table  A-’  .  Test  and  Input  Point  Identification 


NUMBER 

DESCRIPTION 

LOCATION 

1 

Sight  Stator,  AZ 

Sight  Sim. 

2 

Sight  Stator,  EL 

Sight  Sim. 

3 

Demodulator  Input,  A Z 

A1TP4 

4 

Demodulator  Input,  EL 

AlTPi 

5 

Notch  Filter  Input,  AZ 

A1TP3 

6 

Notch  Filter  Input,  EL 

A1TP2 

7 

Notch  Filter  Output,  AZ 

A2R80 

8 

Notch  Filter  Output,  EL 

A2R104 

0 

Rate  Loop  Error  Signal,  A2 

A4R3,  A4R8 

10 

Rate  Loop  Error  Signal,  EL 

A3R3 ,  A3R7 

11 

Current  Loop  Error  Signal,  AZ 

A4R11 ,  A4R12 

12 

Current  Loop  Error  Signal,  EL 

A3R1 l ,  A3R12 

13 

Current  Loop  Amplifier  Output,  AZ 

A4TP3 

14 

Current  Loop  Amplifier  Output,  EL 

A3TP3 

15 

Motor  Voltage,  AZ 

J4-F,  J4-D 

16 

Motor  Voltage,  EL 

J4-A,  J4-C 

17 

Motor  Current ,  AZ 

J4-E  ( shunt 

18 

Motor  Current ,  EL 

J4-B  ( shunt  1 

14 

Tachometer  Input  ,  AZ 

J3-R 

20 

Tachometer  Input,  EL 

J3-T 

NOTE:  Other  than  the  sight  simulator,  ail  locations  are  in  the  Turret 
Control  assembly. 


UTS  TEST  ITEMS 

TEST  NO.  TEST  TYPE  PLAN  NO.  DISCONNECTED  DE.SCRlPTlON  NOTES 


1 

2°  Elev  Step 

49 

— 

2 

5°  Elev  Step 

50 

— 

1 

10°  Elev  Step 

— 

— 

4 

1°/Sec  El  ramp 

— 

— 

5 

2. 5° /Sec  El  ramp 

— 

— 

6 

5°/Sec  El  ramp 

— 

— 

7 

5°/Sec  El  ramp 

— 

— 

8 

2°  Azim  Step 

19 

— 

9 

5°  Azim  Step 

20 

— 

10 

10°  Azim  Step 

— 

— 

11 

1°/Sec  AZ  ramp 

— 

— 

12 

2.5°/Sec  AZ  ramp 

— 

— 

n 

5°/Sec  AZ  ramp 

— 

— 

14 

AZ  Sinusoid  Resp 

10-X1 

AZ  Motor 

Elevation  closed  loop  test 

Elevation  closed  loop  test 

Elevation  closed  loop  test 

EL  ramp  test  (closed  loop) 

EL  ramp  test  (closed  loop) 

EL  ramp  test  (closed  loop) 

EL  ramp  test  (closed  loop) 

AZ  step  closed  loop  test 

AZ  step  closed  loop  test 

AZ  step  closed  loop  test 

AZ  ramp  test  (closed  loop) 

AZ  ramp  test  (closed  loop) 

AZ  ramp  test  (closed  loop) 

A2  0/1  Sin  Resp,  Notch  Filter  Special  test  Pts:  Input: 

A2PI-  ?  Output:  A2R71 ,  AC213 

AZ  O/L  Sin  Resp,  Notch  Filter  No  saturation  evident, 

Input  *  .5V  0-P 


Limited  data  taken,  prelim- 
inary  test*  Tests  1-13  were 
run  in  order  to  obtain  quick 
data  that  could  be  used  for 
preliminary  analysis. 

The  preliminary  tests  in  the 
test  plan  will  be  run  again 
later  taking  all  data  speci¬ 
fied  in  the  test  plan.  There 
Is  no  real  time  data  for  test 
|  No.  6  due  to  A/D  swap. 
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AZ  Sinusoid  Resp 


10 


AZ  Motor 
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UTS 

TEST  NO. 

TEST  TV PE 

TEST- 
PLAN  NO. 

ITEMS 

DISCONNECTED 

DESCRIPTION 

NOTES 

16 

AZ 

Sinusoid 

Resp 

10-X2 

AZ  Motor 

AZ  0/L  Sin  Resp , 

Notch  Filter 

Special  Output  Test  point: 
A2R71 ,  A2CU,  Input- .44  0-P 

1  7 

A  Z 

Sinusoid 

Resp 

11-1 

AZ  Motor 

AZ  0/L  Sin  Resp, 
Loop  Amp 

Current 

Input  level  caused  saturation 
Input  =  1 

18 

AZ 

Sinusoid 

Resp 

8-1 

AZ  Motor 

AZ  0/L  Sin  Resp; 
Path  to  motor 

Forward 

Input  level  caused  saturation 
Input  =  1  . 

19 

AZ 

Sinusoid 

Resp 

9 

AZ  Motor 

AZ  0/L  Sin  Resp 
to  motor 

For.  Path 

Input  level  caused  saturation 
Input  =  1  . 

20 

EL 

Sinusoid 

Resp 

39 

EL  Motor 

EL  0/L  Sin  Resp, 
to  Notch  Filter 

For.  Path 

No  saturation  evident. 

Input  -  1°. 

21 

EL 

Sinusoid 

Resp 

40 

EL  Motor 

EL  O.L  Sin  Resp  Notch  Filter 

No  saturation  evident. 

Input  =  1  . 

22 

EL 

Sinusoid  Resp 

41-1 

EL  Motor 

EL  0/L  Sin  Resp 
Loop  Amp 

Current 

Input  level  caused  saturation 
Input  =  1  . 

23 

EL 

Sinusois 

Resp 

38-1 

EL  Motor 

EL  0/L  Sin  Resp, 
Path  to  motor 

,  Forward 

Input  level  caused  saturation 
Input  *  1  . 

24 

EL 

Sinusoid 

Resp 

38-lA 

EL  Motor 

EL  0/L  Sin  Resp, 
Path  to  motor 

!  Forward 

Rerun  of  previous  to 
confirm  results. 

25 

AZ 

Sinusoid 

Resp 

8-2 

AZ  Motor 

AZ  0/L  Sin  Resp, 
Path  to  motor 

,  Forward 

No  saturation,  Input 
level  *  20MV  P-P 

26 

AZ 

Sinusoid 

Resp 

11-2 

AZ  Motor 

AZ  0/L  Sin  Resp 
Loop  Amp 

,  Current 

Saturation,  Input  le'.'el  * 

20MV  P-P 

27 

AZ 

Sinusoid 

Resp 

11-3 

AZ  Motor 

AZ  0/L  Sin  Resp 
Loop  Amp 

,  Current 

No  saturation,  Input  level  = 
20MV  P-P 

UTS 

TEST  NO. 

TEST  TYPE 

TEST 
PLAN  NO. 

ITEMS 

DISCONNECTED 

DESCRIPTION 

NOTES 

28 

EL 

Sinusoid  Resp 

41-2 

EL  Honor 

EL  0/L  Sin  Resp,  Current 

Loop  Amp 

No  sanuranlon.  Inpun  level  * 
20HV  P-P 

29 

EL 

Sinusoid  Resp 

38-2 

EL  Honor 

EL  0/L  Sin  Resp,  Forward 

Path  to  motor 

No  sanuranlon,  Inpun  level  = 
20HV  P-P 

30 

EL 

Sinusoid  Resp 

51-1 

— 

1°  EL  C/L  Sin  Resp  System 

Response  -  1/1  ♦  C  .  C 

Path  Cain  v 

31 

EL 

Sinusoid  Resp 

53-1 

— 

1°  EL  C/L  Sin  Resp,  Torq 

Dist  Simul 

Resp  =  (Demod  Input)/ 

(Current  Loop  Error) 

32 

EL 

Sinusoid  Resp 

51-2 

— 

2.5°  EL  C/L  Sin  Resp  System 

Response  =  l/l 

33 

EL 

Sinusoid  Resp 

52-1 

— 

2.5°  EL  Sin  Resp,  Forward 
path 

Resp  =  (Tach  Input)/ 

(Sight  Input) 

34 

EL 

Sinusoid  Resp 

54-1 

— 

1°  EL  C/L  Sin  Resp,  Torq 

Dist  and  Filter 

Resp  =  (Notch  Filter  Output)/ 
(Current  Loop  Error) 

35 

EL 

Sinusoid  Resp 

55-1 

— 

1°  EL  C/L  Sin  Resp,  Torq 

Dist  Forward  path 

Resp  -  (Tach  Input)/ 

(Current  Loop  Error) 

36 

EL 

Sinusoid  Resp 

52-2 

— 

1°  EL  C/L  Sin  Resp,  Forward 
path 

Resp  =  (Tach  Input)/ 

(Sight  Input) 

37 

EL 

Sinusoid  Resp 

53-2 

— 

2.5°  EL  C/L  Sin  Resp,  Torq 
Dist  Simul 

Resp  =  (Demod  Input)/ 

(Current  Loop  Error) 

38 

EL 

Sinusoid  Resp 

53-3 

— 

0.5°  EL  C/L  Sin  Resp,  Torq 
Dist  Simul 

Resp  *  same  as  test  37 

39 

EL 

Sinusoid  Resp 

54-2 

— 

2.5°  EL  C/L  Sin  Resp,  Torq 
Uisn  and  Fllrer 

R* jp  =  (Notch  Filter  Output)/ 
(Current  Loop  Error) 

\ 


UTS 

TEST  NO. 

TEST  TYPE 

TEST 
PLAN  NO. 

ITEMS 

disconnected 

DESCRIPTION 

NOTES 

AO 

EL  Sinusoid  Resp 

54-2A 

— 

2.5°  EL  C/L  Sin  Resp,  Torq 
Dist  and  Filter 

Resp  sane  as  test  39,  Rerun 
of  39  for  smoother  data 

41 

EL  Sinusoid  Resp 

54-3 

— 

0.5°  EL  C/L  Sin  Resp,  Torq 
Dist  and  Filter 

Resp  same  as  test  39 

42 

EL  Sinusoid  Resp 

55-2 

— 

2.5°  EL  C/L  Sin  Resp,  Torq 
Dist  For.  Path 

Resp  *  (Tach  Input ) /(Current 
Loop  Error) 

43 

EL  Sinusoid  Resp 

55-3 

— 

0.5°  EL  C/L  Sin  Resp  Torq 
Dist  For  Path 

Resp  Sane  as  test  42 

44 

A2  Sinusoid  Resp 

25-3 

— 

0.5°  AZ'  C/L  Sin  »e*p,  Torq 
Dist  For.  P.th 

Resp  =  (T.ch  Input //(Current 
Loop  Error) 

45 

AZ  Sinusoid  Resp 

25-2 

— 

1°  A2  C/L  Sin  Resp,  Torq 

Dist  For.  Path 

Resp  sale  as  test  44. 

46 

AZ  Sinusoid  Resp 

25-1 

— 

2.5°  AZ  C/L  Sin  Resp,  Torq 
Dist  For.  Path 

Resp  s stse  as  test  44. 

47 

AZ  Sinusoid  Resp 

24-1 

— 

2.5°  AZ  C/L  Sin  Resp,  Torq 
Dist  and  Filter 

Resp  -  (Notch  Filter  Output)/ 
(Current  Loop  Error) 

48 

AZ  Sinusoid  Resp 

24-2 

— 

1°  AZ  C/L  Sin  Resp,  Torq 

Dist  and  Filter 

Resp  sane  as  test  47 

49 

AZ  Sinusoid  Resp 

24-3 

■  — 

0.5°  AZ  C/L  Sin  Resp,  Torq 
Dist  and  Filter 

Re.p  i.eie  as  test  47 

50 

AZ  Sinusoid  Resp 

23-3 

— 

0.5°  AZ  C/L  Sin  Resp,  Torq 
Dist  Slmul* 

Resp  =  (Denod  Input)/ 

Current  Loop  Error 

51 

AZ  Sinusoid  Resp 

23-2 

— 

1°  AZ  C/L  Sin  Resp,  Torq 

Dist  Sinul . 

\ 
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UTS 

TEST  NO. 

TEST  TYPE 

TEST 
PLAN  NO. 

ITEMS 

DISCONNECTED 

DESCRIPTION 

NOTES 

52 

AZ 

Sinusoid 

Resp 

23-1 

— 

2.5°  AZ  Cl L  Sin  Resp  Tor 

Dist  Slmul 

Resp  same  as  test  50 

55 

AZ 

Sinusoid 

Resp 

22-1 

— 

2.5°  AZ  C/L  Sin  Resp, 

Forward  path 

Resp  -  (Tach  Input ) /(Sight 
Input ) 

54 

AZ 

Sinusoid 

Resp 

22-2 

— 

1°  AZ  C/L  Sin  Resp,  Forward 
path 

Reap  same  as  test  53 

55 

AZ 

Sinusoid 

Resp 

22-3 

— 

0,5°  AZ  C/L  Sin  Resp, 

Forward  path 

Resp  same  as  test  53 

56 

AZ 

Sinusoid 

Resp 

21-3 

— 

0.5°  AZ  C/L  Sin  Resp  System 

Resp  =  1/1  +  Cf(> 

57 

AZ 

Sinusoid 

Resp 

21-2 

— 

1°  AZ  C/L  Sin  Resp  System 

Response  same  as  test  56 

*■ 

58 

AZ 

Sinusoi d 

Resp 

21-1 

— 

2.5°  AZ  C/L  Sin  Resp  System 

Response  same  as  test  56 

54 

AZ 

Sinusoid 

«*-5> 

16 

A2 

Position  FDBK 

AZ  0/L  Sir.  Resp,  rate  loop 

Resp  =  (Rate  Loop  Error)/ 
(Notch  Filter  Output)  Input 
.?V  0  to  peak 

60 

AZ 

Si nusoid 

R-*sp 

l* 

AZ 

Tach  &  Pos 

FDBK 

1°  AZ  0/L  Sin  Resp,  Sight 
to  Current  Out 

Resp  -  (Current  Loop  Amp)/ 
(Sight  Input) 

61 

AZ 

Sinusoid 

Resp 

12 

AZ 

Tacit  &  Pos 

FDBK 

i°  AZ  0/L  Sin  Resp,  Current 
Loop 

Resp  =  (Current  Loop  Error)/ 
(Current  Loop  Output) 

62 

AZ 

Si nusoi d 

Resp 

14-A 

AZ 

Tach  &  Pos 

FDBK 

1°  AZ  0/6  Sin  Resp,  Sight 
to  Current  Out 

Rerun  of  test  60 

65 

AZ 

Sinusoid 

Resp 

7 

AZ 

Tacit  &  Pos 

FDBK 

1°  AZ  0/L  Sin  Resp 

Forward  path 

Resp  -  (Notch  Filter  Output) 
(Sight  Input) 

64 

AZ 

S i nusoi d 

Resp 

l  3 

AZ 

Tach  6  Pos 

FDBK 

1°  AZ  0/L  Sin  Resp,  motor 
Loop  Fwd  Path 

Resp  -  (Tach  Input ) /(Current 
Loop  Output ) 

[ 


UTS 

TEST  NO. 

TEST  TYPE 

TEST 
PLAN  NO. 

ITEMS 
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65 

EL 

Sinusoid  Resp 

37 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp  Forward 
path 

Resp  = 
(Sight 

(Notch  Filter  Output)/ 
Input ) 

66 

EL 

Sinusoid  Resp 

A3 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  motor 
loop  fwd  path 

Resp  s  (Tach  Input ) /(Current 
Loop  Output) 

67 

EL 

Sinusoid  Resp 

44 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  sight 
to  current  Out. 

Resp  = 
(Sight 

(Current  Loop  Amp)/ 
Input ) 

68 

EL 

Sinusoid  Resp 

45 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  Fwd 
path  to  Tach 

Resp  =  (Tach  Input >/(Notch 
Filter  Output ) 

69 

EL 

Sinusoid  Resp 

56 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  Sight 
to  Current  Error 

Resp  = 
(Sight 

(Current  Loop  Error)/ 
Input ) 

70 

EL 

Sinusoid  Resp 

57 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  Sight 
to  Rate  Loop  Error 

Resp  = 
(Sight 

(Rate  Loop  Error)/ 
Input ) 

71 

EL 

Sinusoid  Resp 

58 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp, 
Demodulator 

Resp  = 
(Sight 

(Notch  Filter  Input)/ 
Input ) 

72 

EL 

Sinusoid  Resp 

59 

EL 

Tach  & 

Pos 

FDBK 

1°  EL  0/L  Sin  Resp,  Rate  & 
Current  Amps 

Resp  =  (Current  Loop  Output)/ 
(Rate  Loop  Error) 

71 

EL 

Sinusoid  Resp 

46 

EL 

Position  FDBK 

1°  EL  0/L  Sin  Resp,  Rate 

Loop 

Resp  3 
(Notch 

(Rate  Loop  Error)/ 
Filter  Output) 

74 

A2 

Sinusoid  Resp 

26 

AZ 

Tach  & 

Pos 

FDBK 

1°  AZ  0/L  Sin  Resp,  sight 
to  current  error 

Resp  = 

(Sight 

(Current  Loop  Error)/ 
Input ) 

75 

kZ 

Sinusoid  Resp 

27 

AZ 

Tach  & 

Pos 

FDBK 

1°  AZ  0/L  Sin  Resp,  sight  to 
rate  error 

Resp  = 

(Sight 

(Rate  Loop  Error)/ 
Input ) 

76 

AZ 

Sinusoid  Resp 

28 

AZ 

Tach  & 

Pos 

FDBK 

1°  AZ  0/L  Sin  Resp, 
demodulator 

Resp  - 

(Sight 

(Notch  Filter  Input)/ 
Input ) 

UTS 

TEST  NO. 
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TEST 
PLAN  NO. 
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77 

AZ  Sinusoid  Resp 

29 

AZ  Tach  &  Pos 

FDBK 

1°  AZ  Q/L  Sin  Resp,  Rate  & 
Current  Amps 

Resp  &  (Current  Loop  Output)/ 
(Rate  Loop  Error) 

78 

AZ  Sinusoid  Resp 

l  5 

AZ  Tach  &  Pos 

FDBK 

1°  A2  0/L  Sin  Resp,  Forward 
Path  to  Tach 

Resp  =  (Tach  Input)/ 

(Current  Loop  Output) 

79 

AZ  Step  Response 

4-1 

Azimuth  Motor 

2°  AZ  0/L  Step  Response 

The  output  was  saturated 
for  tests  79-83 

80 

AZ  Step  Response 

4-2 

Azimuth  Motor 

1°  AZ  0/L  Step  Response 

81 

AZ  Step  Response 

4-3 

Azimuth  Motor 

0.5°  AZ  0/L  Step  Response 

No  real  data  due  to  A/D  swap 

82 

AZ  Step  Response 

4-3A 

Azimuth  Motor 

0.5°  AZ  0/L  Step  Response 

Rerun  of  test  81 

83 

AZ  Step  Response 

4  -4 

Azimuth  Motor 

0.25°  AZ  0/L  Step  Response 

89 

AZ  Step  Response 

4-5 

Azimuth  Motor 

0.12°  AZ  0/L  Step  Response 

No  saturation  evident  in 
output 

85 

AZ  Step  Response 

19 

— 

1°  Azimuth  Closed  Loop  Resp 

Data  for  tests  85  and  8b 
were  not  satisfactory 

86 

AZ  Step  Response 

20 

— 

2.5°  Azimuth  Closed  Loop 
Response 

87 

AZ  Step  Response 

20-A 

— 

2.5°  Azimuth  Closed  Loop 
Response 

Rerun  of  test  8b 

88 

AZ  Step  Response 

19 -A 

— 

1°  Azimuth  Closed  Loop 
Response 

Rerun  of  test  85 

89 

AZ  DC  Ga i n 

1 

Azimuth  Motor 

Azimuth  DC  Open  Loop  Cain 

Input  -  2.0  VDC  Demodulator 
Error 

1 


\ 


I 

1 


UTS  TEST  ITEMS 


TEST  NO. 

TEST  TYPE 

PLAN  NO. 

DISCONNECTED 

DESCRIPTION 

NOTES 

90 

AZ 

Step 

Response 

5 

Azimuth  Motor 

AZ  0/L  Step  Resp,  Input  to 
Notch  Filter 

Very  little  response  seen. 
Loading  problem 

91 

AZ 

Step 

Response 

3 

AZ  Tach  & 

Pos  FDBK 

1°  AZ  Open  Loop  Step  Response 

Data  Channel  Saturated 

92 

AZ 

Step 

Response 

3 -A 

AZ  Tach  & 

Pos  FDBK 

1°  AZ  Open  Loop  Step  Response 

Rerun  of  test  91 

93 

AZ 

Open 

Loop  Res 

17 

AZ  Tach  & 

Pos  FDBK 

AZ  0/L  Res,  Minimum  Input 
ior  Motion 

Turret  touched  mechanical 
stop 

94 

AZ 

Open 

Loop  Res 

1  7 -A 

AZ  Tach  A 

Pos  FDBK 

AZ  0/L  Res,  Minimum  Input 
for  motion 

Input  =  - . 7MR  Step,  Repeat 
of  test  93 

95 

AZ 

Open 

Loop  Res 

18 

AZ  Tach  A 

Pos  FDBK 

2.5°  AZ  Open  Loop  Response 

96 

EL 

Step 

Response 

34-1 

Elevation 

Motor 

2°  EL  0/L  Step  Response 

97 

EL 

Step 

Response 

34-2 

Elevation 

Motor 

1°  EL  0/L  Step  Response 

90 

EL 

Step 

Response 

34-3 

Elevation 

Motor 

0.5°  EL  0/L  Step  Response 

99 

EL 

Step 

Response 

34-4 

Elevation 

Motor 

0.25°  EL  0/L  Step. Response 

100 

EL 

Step 

Response 

34-5 

Elevation 

Motor 

0.12°  EL  0/L  Step  Response 

101 

EL 

DC  Gain 

31 

Elevat ion 

Motor 

Elevation  DC  Open  Loop  Gain 

102 

EL 

Step 

Response 

33 

EL  Tach  A 

Pos  FDBK 

1°  EL  Open  Loop  Step  Response 

Data  Channels  Disconnected 

103 

EL 

Open 

Loop  Resp 

48 

EL  Tach  A 

Pos  FDBK 

2.5°  EL  Open  Loop  Response 

Data  Channels  Dli “onnected 

104 

EL 

Open 

Loop  Resp 

40-A 

EL  Tach  A 

Pos  FDBK 

2.5°  EL  Open  Loop  Response 

Rerun  of  test  103 

105 

EL 

Open 

Loop  Resp 

47 

EL  Tach  A 

Pos  FDBK 

EL  0/L  Res,  Minimum  Input 
for  motion 

Input  =  -.7MR  step 

rs/* 
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106  ♦ 

EL  Step  Response 

3  3 -A 

EL  Tach  &  Pos  FDBK 

1°  EL  Open  Loop  Response 

Rerun  of  test  t02 

t07 

EL  Step  Response 

49 

— 

1°  Elevation  Closed  Loop 
Response 

108 

EL  Step  Response 

50 

— 

2.5°  Elevation  Closed  Loop 
response 

109 

Azimuth  Backlash 

Para  2.2 

— 

Measurement  of  gear  backlash 

8  measurements  were  taken 
and  averaged  In  each  test 
109-110 

110 

Elevation  Backlash 

Para  2.2 

— 

Measurement  of  gear  backlash 

APPENDIX  C 


THEORETICAL  DERIVATION  OF  NOTCH  FILTER  TRANSFER  FUNCTION 
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These  equations  are  used  to  solve  for  1^  in  terms  of  e^.  Then  e^e^  is 

found  using  the  relation  =  1^/8^.  Finally,  e^/e^  is  found  by  multiplying: 

e,  e.  R.*R.  e»  * 

A  ^  o  6  5  _A  Q 

eI  eA  R5  BI  =  eT  ' 

Following  the  outlined  steps,  this  transfer  function  is  derived: 


sq  G(N2S  *  N^S  *  Nq> 

"i  03S3  *  02S2  +  D.S  «■  D0 


R  +R 

where  the  gain,  G,  is:  6  5  ,  and  the  coefficient  terms  are: 

R5 


WlC2 


BiWi 


N„  =  1 


RlR2R3ClC2C3 

V2ClC2  e  R1*3CjCj  *  R,«2C2C3  ♦  R2R3C2C3  *  *  RtR2R3Cic2 


»  „  -  _  _  R , R.C,  R, R-C,  S,R«C~  R_R»C~  Q  /■ 

R  C-  *  R -C.  ♦  R.c.  *  R-C,  *  1)1*  i  2  l  ♦  i  2  2  *  2)2*  R^C- 

R.  R,  R,  R, 

4  4  4  4 


1  *  ^2  *  S 

RA  *4 


i 
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When  the  following  component  values: 


R1 

=  1000  ohms 

R5  = 

2000  ohms 

R2 

=  20000  ohms 

(elevation) 

R6  - 

106800  ohms 

R2 

=  26100  ohms 

( azimuth ) 

C1  - 

10  microfarads 

R3 

=  1900  ohms 

C2  ■ 

1.5  microfarads 

R4 

=  2000  ohms 

II 

r~\ 

O 

4.7  microfarads 

are  substituted  into  the  theoretical  transfer  function,  two  numerical 
transfer  functions  are  obtained: 

(1)  azimuth: 


e 

o 


e  . 


'(3.915  x  10~4)S2  ♦  (1.15  x  10~2)S  -  1 _ 

.(3.996  x  10-6)S3  ♦  (2.626  x  10"3 >S2  *  (3.802  x  10_1)S  ♦  15 


(^)  elevation: 


e 


o 
e  . 

i 


‘(3.0  x  lQ-Ss2  +  (1.15  x  10~Z)S  ♦  1 _ ' 

.(2.679  x  10-6)S3  *  (2.036  x  10-3)S2  *  (2.989  x  10~l)S  *  11.95. 
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The  target  Impact  points  of  each  round  were  first  analyzed  to  determine  the 
standard  deviation  of  the  shot  group  of  each  of  the  three  barrels  of  the  M197  gun 
for  each  test.  The  first  three  rounds  of  each  burst  were  not  included  in  the 
analysis.  Thus,  the  standard  deviations  for  the  first  barrel  fired  were  calcu¬ 
lated  from  the  Impact  points  of  rounds  4,  7,  10,  13,  16,  and  19.  Similarly, 
rounds  3,  8,  11,  14,  17,  and  20  were  used  to  calculate  the  dispersion  of  the 
second  barrel  fired,  and  rounds  6,  9,  12,  IS,  and  18  were  used  for  the  third. 

Standard  deviations  for  each  barrel  were  calculated  using  the  equation 

n  -  2 
l  (x  -  xr 

0.1-1 


where  the  X^  represents  the  distance  of  the  Impact  point  in  inches  from  the 
polnt-of-aim  (POA),  n  *  number  of  rounds  from  the  barrel,  and  X  -  mean  of  barrel 
n 

\  Y 

L 

1  -  1 

group  -  - 

n 

Standard  deviations  were  calculated  for  each  barrel  In  both  elevation  and 
azimuth.  In  elevation,  X  Is  the  vertical  distance  from  the  POA  to  the  Impact 
point;  and  In  azimuth,  X  Is  Che  horizontal  distance. 

An  example  of  the  test  data  from  which  the  standard  deviations  were  calcu¬ 
lated  Is  shown  in  table  D-l.  As  an  example, the  standard  deviation  In  azimuth  for 
the  first  barrel  fired  In  test  84  Is  calculated  as  follows: 

First,  X  -  |  C-S.8)  +  (-5.4)  +  (-5.2)  +  (-3.2)  +  (-5.3))  -  -5.117 

then,  S  -  |  [(-5.8  -  (-5.117))2  +  (-5.4  -  (-5.117))2  +  (-5.2  -  (-5.117))2 

+  (-5.8  -  (-5.117))2  +  (-3.2  -  (5.117))2  +  (-5.3  -  (-5.117))2]  -  0.97 

The  standard  deviations  are  summarized  In  tables  I>-2  and  0-3.  The  mean  and 
standard  deviations  of  these  standard  deviations  shown  at  the  bottom  of  these 
tables  were  calculated  by  use  of  equation  D-l. 

A  statistical  analysis  can  be  carried  out  on  the  data  shown  In  tables  D-2 
and  D-3  to  obtain  more  Information  about  the  tested  controller  and  turret  per¬ 
formance.  First,  an  analysis  of  variance  technique  can  be  used  to  determine  If 

the  type  of  controller  used  has  a  statistically  significant  effect  on  Che  shot 
dispersion  and,  further.  If  any  statistical  difference  exists  In  the  standard 
deviations  of  a  barrel  depending  on  whether  It  Is  fired  first,  second,  or  third. 

Further  information  on  the  statistical  techniques  used  In  this  appendix  can 
be  found  In  references  D-l  and  D-2.  The  first  step  In  Che  analysis  Is  to  organ¬ 
ize  the  data  Into  a  table  and  make  the  preliminary  calculations.  This  step  Is 
shown  In  table  D-4  for  azimuth  and  In  table  D-5  for  elevation. 
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Table  D-l.  Firing  teat  data  for  teat  84 

Impact  dlatance  froa  polnt-of-aln  (POA)*  (In.) 


II 

AZ 

EL 

1 

-0.8 

1.9 

2 

-2.4 

5.1 

3 

-4.5 

1.2 

4 

-5.8 

-4.9 

5 

-2.6 

-7.4 

6 

-4.4 

-5.8 

7 

-5.4 

-7.3 

8 

-2.3 

-4.4 

9 

-3.9 

-1.3 

10 

-5.2 

-3.7 

11 

-3.5 

-4.2 

12 

-4.2 

-2.2 

13 

-5.8 

-5.7 

14 

-5.0 

-2.6 

15 

-3.9 

-1.7 

16 

-3.2 

-4.5 

17 

-1.6 

-4.4 

18 

-4.2 

-3.6 

19 

-5.3 

-6.8 

20 

-3.3 

-5.2 

*  POA  la  the  point  to  which  the  weapon  la  borasighted  before  the  test.  Positive 
nuabera  Indicate  lapact  to  the  right  of  the  POA  In  azlauth  and  above  the  POA  in 
elevation. 
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Table  D-2. 

Firing  teat  standard  i 

Standard 

deviations 

deviation 

for  XM97 

(ar) 

program 

10.13.16.19 

Rounds 

5.8.11.14, 

.17.20 

Rounds  6,9, 

,12.15,18 

Test  no. 

AZ 

EL 

AZ 

EL 

AZ 

EL 

188 

1.00 

2.45 

1.40 

1.19 

2.30 

1.54 

189 

1.88* 

2.09* 

1.54* 

0.66* 

1.31* 

1.86* 

190 

0.92 

1.02 

1.31 

1.05 

1.67 

0.46 

191 

1.79 

1.69 

2.51 

2.68 

1.19 

2.25 

199 

1.10 

2.12 

1.58 

3.38 

1.68 

0.76 

200 

o.:s 

1.53 

0.85 

2.01 

0.75 

1.50 

205 

1.69 

2.56 

1.69 

2.63 

1.96 

1.50 

226 

0.89 

1.73 

1.06 

2.85 

0.85 

2.59 

258 

1.14* 

6.70* 

2.17* 

4.06* 

2.16* 

2.24* 

269 

0.65 

2.84 

0.82 

2.96 

0.59 

2.38 

270 

0.57 

1.71 

0.64 

1.89 

0.78 

1.60 

273 

1.20 

2.33 

1.24 

2.22 

1.69 

0.90 

274 

1.09 

2.36 

1.23 

1.56 

1.17 

1.33 

275 

1.56 

1.45 

2.43 

1.54 

1.62 

2.82 

276 

1.31* 

2.65* 

1.02* 

2.41* 

1.08* 

2.13* 

277 

0.66* 

4.16* 

0.95* 

3.78* 

0.71* 

3.18* 

Optla  nean 

1.10 

1.98 

1.40 

2.16 

1.35 

1.64 

Optla  std  dev  0.40 

0.54 

0.59 

0.75 

0.54 

0.74 

Orlg  aean 

1.25 

3.90 

1.42 

2.73 

1.32 

2.36 

Orig  std  dev 

0.50 

2.06 

0.57 

1.56 

0.62 

0.57 

*  Original  systea  In  control. 
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Table  D-3. 

Firing  test 

standard 

deviations  for  UTS 

program 

Standard 

deviation  (ar) 

Rounds  4,7. 

10.13.16.19 

Rounds 

5,8,11.14.17.20 

Rounds  6,9, 

,12,15,18 

Test  no. 

AZ 

EL 

Ai 

EL 

AZ 

EL 

79 

0.76* 

1.43 

1.65* 

1.54 

0.57* 

2.22 

80 

1.08* 

1.56 

0.73* 

1.00 

1.01* 

1.21 

81 

0.83 

1.71* 

0.71 

2.69* 

0.70 

1.81* 

82 

2.43 

2.32* 

0.91 

0.88* 

0.57 

1.49* 

84 

0.97 

1.38* 

1.18 

1.57* 

0.22 

1.83* 

85 

0.74* 

0.95* 

0.61* 

0.88* 

0.73* 

1.50* 

86 

1.11* 

1.44* 

2.49* 

1.05* 

0.82* 

1.08* 

87 

1.48* 

1.93* 

1.23* 

1.28* 

0.72* 

2.17* 

94 

0.75 

1.23 

0.59 

1.13 

1.02 

2.47 

95 

0.57 

1.89 

0.53 

1.63 

1.17 

1.66 

96 

0.71 

1.37 

0.67 

1.20 

0.70 

1.60 

97 

1.04 

1.40 

0.34 

1.66 

0.36 

1.12 

98 

0.49 

1.80 

0.40 

1.84 

0.42 

1.95 

Opt la  mean 

0.97 

1.53 

0.67 

1.43 

0.64 

1.75 

Optla  std  dev 

0.62 

0.24 

0.27 

0.32 

0.33 

0.50 

Orlg  mean 

1.03 

1.62 

1.34 

1.39 

0.77 

1.65 

Orlg  std  dev 

0.30 

0.48 

0.76 

0.69 

1.16 

0.37 

*  Original  system  In  control. 
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Table  D-4.  Azimuth  data  table  and  preliminary  calculations 


Barrel  firing  number* 


System 

First 

Second 

Third 

Tt  ■ 

T<? 

Original  XM97 

1.25 

1.42 

1.32 

3.99 

15.9201 

Optimal  XM97 

1.10 

1.40 

1.35 

3.85 

14.8225 

Original  UTS 

1.03 

1.34 

0.77 

3.14 

9.8596 

Optimal  UTS 

0.97 

0.67 

0.64 

2.28 

5.1984 

T'j 

4.35 

4.83 

4.08 

T  2 

T’j 

18.9225 

23.3289 

16.6464 

T..  -  13.26 

l 

1-1 

-  45.8006 

J 

3  2 
i  Tf  - 

-  1  3 

58.8978 

T..2  -  175.8276 

4 

1 

i  -  1  J 

?  2 

l  XT,  -  15.5626 

-  1 

*  The  "T“  notation  Is  shorthand 

for  row  and 

column  summation. 

that  Is , 

v\ 

i  !  *1J  *  T'J  " 

4 

L  Xij  » 

1-1  } 

4 

and  T.,  -  l 

1  *  1  j 

i ,  V 
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Table  D-5.  Elevation  data  table  and  preliminary  calculations 


Barrel  firing  number* 


Systen 

First 

Second 

Third 

T, . 

T,  . 

Original  XM97 

3.90 

2.73 

2.36 

8.99 

80.8201 

Optimal  XM97 

1.98 

2.16 

1.64 

5.78 

33.4084 

Original  UTS 

1.62 

1.39 

1.65 

4.66 

22.1841 

Optimal  UTS 

1.53 

1.43 

1.75 

4.71 

21.7156 

T‘j 

9.03 

7.71 

7.40 

81.5409 

59.4441 

54.76 

T..  -  24.14 

T..2  -  582.7396 

4  5 

l 

1  -  1 

-  158.1282 

3  2 

T  m 

J  -  1  3 

195.745 

4  3 

1-1  J  -  t 

-  54.2354 

*  The  ”T“  notation  Is  shorthand  for  row  and  column  summation,  that  la, 

3  4  4  3 

T|«  "  c  •  ^»4  “  L  X,,,  end  T.  •  —  \  l  X... 

J  -  1  3  3  1  -  1  J  1  -  l  J  -  1  3 


The  data  In  tables  t>-4  and  D-5  la  used  to  teat  two  hypotheses.  The  flrat 
hypothesis  Is  that  the  aeans  of  the  data  for  the  system  are  equal.  Notatlonally 
this  Idea  Is  stated  as: 

Ho  :  ‘'Original  XK97  “  “Optimal  XM97  “  “Original  UTS  ”  ^Optimal  UTS* 

This  approach  also  can  be  Interpreted  as  stating  that  the  syetea  used  has  no 

effect  on  the  a  hot  dispersion.  The  second  hypothesis  Is  that  the  aeans  of  the 

data  for  the  barrel  firing  nuabers  are  equal,  or  Bg  *  “i  “  “2  “  vy  This 

approach  also  mans.  If  true,  that  the  aomnt  when  the  barrel  Is*  firm  has  no 

effect  on  the  shot  dispersion  of  that  barrel.  The  alternative  to  each  hypothesis 
la  that  at  least  two  of  the  mans  differ. 

Acceptance  or  rejection  of  each  hypothesis  is  based  on  calculations  mde  of 
the  data.  In  each  case,  a  test  statistic  Is  datsnslned  for  the  man  square  of 
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Che  data  and  la  compared  with  a  critical  etatiatlc  obtained  from  a  table.  If  the 
test  statistic  Is  greater  than  the  critical  statistic,  then  the  hypothesis  Is 
rejected.  The  test  statistic  for  the  systems  hypothesis  Is  calculated  by 


MS  SS  _  ,, 

system  system/ 3 

SB - “  ss  TT 

error  arror/6 


D-2 


where 

ssaystei»  “  Su®  squares  (system) 


4 

I 

1  -  1 


SSercor  “  Sua  of  squares  (error) 


4 

l 


1  •  1 


3 

1 


J  -  1 


3 

1 


-  I 


D-3 


D-4 


In  a  like  manner,  the  teat  statistic  for  the  barrel  hypothesis  la  calculated  by 


F 


MS 

tS 


barrel 

error 


SS 

SS 


barrel7 * 

~~7 r 


D-5 


where 

ssb»rtel  “  Sua  of  squares  (barrel) 


3.  3 

1  T.J1 

i  ‘  i 


D-6 


SSerror  la  calculated  by  use  of  equation  D-4. 

The  calculations  ars  summarised  In  an  Analysis  of  Variance  (ANOVA)  table. 
The  ANOVA  tables  for  axlmuth  and  elevation  are  shown  In  table  D-6. 
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Table  0-6.  ANOVA  cable*— if*  tee  and  barrel  effect*  confide  red 


Source 

Sub  of 

squares 

Degree  of* 
freedom 

MS 

_F 

AZIMUTH 

System 

0.61457 

3 

0.20486 

5.4981 

3.2888 

Barrel 

0.07215 

2 

0.03608 

0.9683 

3.4633 

Error 

0.22358 

6 

0.03726 

Total 

0.91030 

11 

ELEVATION 

System 

4.14777 

3 

1.38259 

7.20474 

3.2888 

Barrel 

0.37462 

2 

0.18731 

0.97608 

3.4633 

Error 

1.15138 

6 

0.19190 

Total 

5.67377 

11 

*  One  less 

than  number  of 

data  points  used  to 

calculate 

a  given  mean. 

Since  Che  degree*  of  freedoa  1*  equal  to  one  les*  than  the  number  of  data 
points  used  to  calculate  a  given  mean,  df Brror  ■  df X  dfi„rral.  The  criti¬ 
cal  statistic  ?crttlcal  obtained  from  a  standard' table  of  r  statistics.  The 
value  of  fcritlc*l  depends  on  the  degrees  of  freedoa  of  the  mean  squares  Involved 
and  the  level  of  confidence,  a,  chosen  for  the  analysis.  A  a  value  of  0.10, 
which  corresponds  to  having  90X  confidence  In  the  results,  was  chosen. 

Then,  Fcrttlcal>  ,y,te„  -  Fa,  (df8y,te„,  df,rror)  “  F0. 10(3,6)  “  3*2888 

*nd  ^critical,  barrel  “  Fa>  ("barrel.  df*rror>  "  F0.10<2,6)  "  3**633 

According  to  the  theory,  the  hypothesis  can  be  rejected  If  F  >  Fcrltlc>1. 
The  ANOVA  tables  show  that  for  both  atlmuth  and  elevation  the  hypothesis  about 
the  systea  means  can  be  rejected,  but  chat  Che  hypothesis  about  the  barrel  means 
cannot  be  rejected.  This  approach  Indicates  that  at  least  two  of  the  meana  of 
the  firing  data  standard  deviations  for  the  different  systems  arc  different. 
Further,  then,  this  idea  la  an  indication  that  the  type  of  system  used  to  control 
the  turret  does  affect  the  shot  dispersion.  On  the  other  hand,  the  data  also 
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shows  that  whether  a  barrel  la  fired  first,  second,  or  third  In  a  burst  makes  no 
difference  In  the  shot  dispersion. 

Since  at  least  two  of  the  system  means  differ,  more  Information  can  be 
determined  by  application  of  the  most-slgnlf lcant-dlf ference  (MSD)  test.  also 
known  as  the  multiple-t  test,  this  method  Is  used  to  determine  which  data  means 
are  different  in  a  statistically  significant  manner.  While  the  data  summary  In 
tables  D-4  and  D-S,  show  that  the  standard  deviation  means  are  smaller  for  the 
optimal  and  UTS  systems,  the  MSD  method  will  tell  If  the  differences  can  be 
called  significant  within  a  confidence  level  of  90!. 

Before  the  MSD  method  can  be  applied,  ANOVA  tables  must  be  calculated 
wherein  the  barrel  firing  number  is  not  taken  Into  account.  These  ANOVA  tables 
are  shown  In  table  I>-7. 


Table  D-7.  ANOVA  tables — barrel  effects  Ignored 


Source 

Sum  of 
squares 

Degree  of* 
freedom 

MS 

F 

AZIMUTH 

System 

0.61457 

3 

0.20486 

5.5412 

2.9238 

Error 

0.29573 

8 

0.03697 

Total 

0.91030 

11 

ELEVATION 

System 

4.14777 

3 

1.38259 

7.2482 

2.9238 

Error 

1.52600 

8 

0.19075 

Total 

5.67377 

11 

*  One  less  than  number  of  data  points  used  to  calculate  a  given  mean. 


These  ANOVA  tables  Indicate  that  the  system  means  are  not  all  equal.  The 
MSD  method  requires  the  MSerror  term  from  the  tables  to  calculate  the  standard 
error  of  the  mean,  S^: 
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s- 


x 


D-7 


where  M  is  the  number  of  data  points  involved  in  calculating  Che  system 

'  0.03697” 


The  standard  errors  of  the  mean  for  azimuth  are:  S-^  -  >/  “ 


means. 

0.1110 


and  for  elevation:  S—  m 
x 


.19075 


0.25658.  These  numbers  are  used  to  calcu¬ 


late  MSO  number  from  the  formula:  USD  ■  f  q  10  8"  D-8 

The  t-statlstic  is  obtained  from  any  standard  statistics  table.  The  numbers  are: 
Azimuth:  USD  -  (>/T)  (0.111)  (1.397)  «  0.219 

Elevation:  MSD  -  ( sfT)  (0.25658)  (1.397)  -  0.507 

Next  tables  of  differences  are  set  up  wherein  the  means  are  calculated  and  sorted 
and  the  differences  found.  The  process  Is  illustrated  in  tables  D-8  and  D-9. 


Table  D-8.  Azimuth  mean  ranking  and  differences  tables 


Test  replications 


System 

1_ 

l 

3_ 

Total 

Mean 

A: 

Original  XN97 

1.25 

1.42 

1.32 

3.99 

1.330 

B: 

Optimal  XM97 

1.10 

1.40 

1.35 

3.85 

1.283 

C: 

Original  UTS 

1.03 

1.34 

0.77 

3.14 

1.047 

D: 

Original  UTS 

0.97 

0.67 

0.64 

2.28 

0.760 

Mean 

Rank: 

Largest: 

System  A 

2nd  Largest: 

System  8 

2nd  Smallest: 

System  C 

Smallest: 

System  0 

A 

B 

D 

1.330 

1.283 

1.047 

D:  0 

.760 

EHZ3 

lo7523l 

10.2871 

C:  1 

.047 

ESS 

ESS 

— 

B:  1.283 


0.047 
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Table  D-9.  Elevation  mean  ranking  and  differences  tables 


Test  replications 


System 

_1_ 

2_ 

2 

Total 

Mean 

A; 

Original  XM97 

3.90 

2.73 

2.36 

8.99 

2.9967 

B; 

Optimal  XM97 

1.98 

2.16 

1.64 

5.78 

1.9267 

C: 

Original  UTS 

1.62 

1.39 

1.65 

4.66 

1.5533 

D: 

Original  UTS 

1.53 

1.43 

1.75 

4.71 

1.5700 

Mean  Rank:  Largest: 

System 

A 

2nd  Largest: 

System 

B 

2nd  Smallest: 

System 

D 

Smallest: 

System 

C 

A 

B 

D 

2.9967 

1.9267 

1.57 

|  1 .4434  1  0.3734  0.0167 

|  1.4267  |  0.3567 

|  1.0700  |  — 


C: 

1.5533 

D: 

1.5700 

B: 

1.9267 

In  the  MSB  method,  the  differences  are  compared  to  the  MSB  number  calculated 
using  equation  D-8.  Every  difference  In  the  table  that  exceeds  MSD  corresponds 
to  two  means  that  come  from  different  populations;  l.e.,  the  means  are  different. 
Those  differences  exceeding  USD  are  circled  In  the  figures.  In  table  D-8  all 
differences  are  circled  except  B-A  »  0.047.  This  indicates  that  there  is  no 
statistically  significant  difference  between  the  performance  of  Systems  A  and 
B.  However,  there  are  statistically  significant  differences  between  all  other 
system  combinations,  l.e.,  (A,D),  (B,D),  (C,D),  (A,C),  and  (B,C).  For  elevation, 
from  table  D-9,  there  is  no  statistically  significant  difference  between  systems 
(B,C),  (C,D),  and  (B,D),  but  there  is  between  systems  (A,C),  (A,D),  and  (A.B). 

Several  conclusions  can  be  drawn  from  the  results  of  applying  the  MSD 
method.  First,  in  azimuth,  each  UTS  system  performed  significantly  better  than 
each  XM97  system.  In  addition,  the  optimal  UTS  system  performed  slgnif lcantly 
better  than  the  original  UTS  system.  However,  the  optimal  XM97  controller  did 
not  show  better  performance  than  the  original  XM97  controller.  In  elevation,  on 
the  other  hand,  the  optimal  XM97  controller  showed  significant  improvement  over 
the  original  XM97  controller,  but  there  is  no  difference  between  the  performances 
of  the  original  and  optimal  UTS  controllers. 
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